Autophagy is a bulk degradation process that promotes survival under metabolic stress, but it can also be a means of cell death if executed to completion. Monoallelic loss of the essential autophagy gene beclin1 causes susceptibility to metabolic stress, but also promotes tumorigenesis. This raises the paradox that the loss of a survival pathway enhances tumor growth, where the exact mechanism is not known. Here, we show that compromised autophagy promoted chromosome instability. Failure to sustain metabolism through autophagy was associated with increased DNA damage, gene amplification, and aneuploidy, and this genomic instability may promote tumorigenesis. Thus, autophagy maintains metabolism and survival during metabolic stress that serves to protect the genome, providing an explanation for how the loss of a survival pathway leads to tumor progression. Identification of this novel role of autophagy may be important for rational chemotherapy and therapeutic exploitation of autophagy inducers as potential chemopreventive agents. Autophagy is an evolutionarily conserved catabolic process involving regulated turnover and elimination of proteins and cellular organelles, such as peroxisomes, mitochondria, and endoplasmic reticulum, through the lysosomal degradation pathway (Mizushima 2005) . The process of autophagy is characterized by the formation of double-membrane cytosolic vesicles, known as autophagosomes, that are essential for the lysosomal targeting of these organelles. In yeast, a number of autophagy-related genes (referred to as atg) have been identified that regulate the formation of autophagosomes and the autophagy process (Klionsky et al. 2003) . Several mammalian homologs of these yeast genes have been identified (Levine and Klionsky 2004) , among which the essential autophagy genes atg5 and atg7 have been most informative in demonstrating a role for autophagy in maintaining metabolism and homeostasis in mammalian development.
Autophagy is an evolutionarily conserved catabolic process involving regulated turnover and elimination of proteins and cellular organelles, such as peroxisomes, mitochondria, and endoplasmic reticulum, through the lysosomal degradation pathway (Mizushima 2005) . The process of autophagy is characterized by the formation of double-membrane cytosolic vesicles, known as autophagosomes, that are essential for the lysosomal targeting of these organelles. In yeast, a number of autophagy-related genes (referred to as atg) have been identified that regulate the formation of autophagosomes and the autophagy process (Klionsky et al. 2003) . Several mammalian homologs of these yeast genes have been identified (Levine and Klionsky 2004) , among which the essential autophagy genes atg5 and atg7 have been most informative in demonstrating a role for autophagy in maintaining metabolism and homeostasis in mammalian development.
Autophagy, constitutively active at low levels, is robustly activated under metabolic stress. Autophagy plays an important role in development, as mice deficient in autophagy due to complete deficiency of beclin1 (atg6/vps30), another essential autophagy gene, die early in embryogenesis (Yue et al. 2003) . Mice lacking atg5 fail to survive the neonatal starvation period and die perinatally, suggesting that autophagy plays an important role in the maintenance of energy homeostasis (Kuma et al. 2004) . Thus, autophagy functions as an alternative cellular energy source to maintain normal metabolism during development and starvation by recycling cytoplasm and macromolecules (Jin and White 2007) . Furthermore, targeted deletion of atg5 and atg7 in the central nervous system results in accumulation of polyubiquitinated proteins leading to neurodegeneration, revealing a housekeeping role for autophagy in the regulation of long-lived or damaged proteins to prevent neurodegeneration (Komatsu et al. 2005; Hara et al. 2006) . The protective effects of autophagy also include immune-related functions such as defense against pathogens (Kirkegaard et al. 2004 ) and T lymphocyte development (Pua et al. 2006) . Thus, autophagy plays a critical role in development, survival, and maintenance of homeostasis.
Despite its predominant role as a survival pathway, progressive autophagy can result in cell death if allowed to proceed to completion under persistent stress and during development. In Drosophila, autophagic cell death plays an important role during salivary gland development (Baehrecke 2003) . In mammals, autophagy proteins Beclin1 and Atg7 are necessary for the autophagic cell death induced by the caspase-8 inhibitor zVAD-fmk in L929 cells as well as in human U937 cells (Yu et al. 2004 ). Furthermore, apoptosis-resistant bax mouse embryonic fibroblasts (MEFs) undergo autophagic cell death in response to apoptosis inducers in a Beclin1-and Atg5-dependent manner (Shimizu et al. 2004 ). Autophagy-like cell death is visualized in Alzheimer's (Cataldo et al. 1994 ) and Parkinson's (Anglade et al. 1997) and other neurodegenerative diseases (Klionsky and Emr 2000; Gomez-Santos et al. 2003) . However, evidence in support of autophagy as a cell death mechanism is limited mostly to pharmacological induction of autophagy in cell lines in vitro, and direct evidence in a physiological context is frequently lacking. Moreover, it is not clear whether the induction of autophagy under the above circumstances represents the activation of a specific pathway for cell death or merely a failed attempt to promote cell survival under stress.
Quite contradictory to its survival-promoting function, defective autophagy is implicated in tumorigenesis, as haploinsuffieciency in the essential autophagy gene beclin1 is commonly observed in sporadic human ovarian, breast, and prostate cancers (Aita et al. 1999) , and allelic loss of beclin1 promotes the incidence of sporadic malignancies in mice (Qu et al. 2003; Yue et al. 2003) . In addition, oncogenic signals such as that of the Class I phosphatidylinositol-3-kinase (PI3K) pathway suppress autophagy, but if or how this contributes to tumorigenesis is not known.
We have shown that defects in apoptosis due to either Bax/Bak deficiency or Bcl-2 expression reveal autophagy in response to metabolic stress, which is required for cell survival (Degenhardt et al. 2006) . Allelic loss of beclin1 impairs both constitutive and stress-induced autophagy, causing susceptibility to metabolic stress in immortalized baby mouse kidney epithelial (iBMK) cells (Degenhardt et al. 2006) . Despite impairment in autophagy-mediated survival, the autophagy-defective beclin1 +/− iBMK cells are more tumorigenic than the wild-type cells, and the tumorigenicity is further accentuated by defects in apoptosis conferred by Bcl-2 expression (Degenhardt et al. 2006) . In tumors, autophagy localizes to metabolically stressed regions, suggesting that tumor cells exploit autophagy to survive metabolic stress (Degenhardt et al. 2006) . Thus, defects in apoptosis manifest an autophagymediated survival pathway, and concomitant defects in apoptosis and autophagy render cells susceptible to metabolic stress while promoting tumorigenesis (Nelson et al. 2004; Degenhardt et al. 2006) . However, these two apparently contradictory roles of autophagy lead to the paradox that the loss of a survival pathway promotes tumorigenesis.
Despite several studies linking autophagy to development, protein turnover, maintenance of cell organelles, and energy homeostasis, there is no satisfactory explanation for the intuitively contradictory roles of autophagy as a survival pathway and a tumor suppressor mechanism. We report here for the first time that autophagy can function to protect the genome. Defects in autophagy, conferred by either allelic loss of beclin1 or deficiency in atg5, lead to impaired survival in metabolic stress and an enhanced DNA damage response. Furthermore, loss of Beclin1 function promotes gene amplification and chromosomal instability, resulting in aneuploidy, all of which are hallmarks of cancer, suggesting that autophagy plays a major role in the maintenance of genomic integrity.
Results

Allelic loss of beclin1 renders iBMK cells susceptible to metabolic stress in vitro and impairs autophagy in vivo
In order to understand the role of impaired autophagy conferred by allelic loss of beclin1 in tumorigenesis, primary baby mouse kidney epithelial cells were immortalized from mutant mice, expanding the panel of independent cell lines originally isolated (Degenhardt et al. 2006) . Several independent clones of these iBMK cells were then also engineered to express the anti-apoptotic protein Bcl-2. All expressed the immortalization genes (E1A and p53DD), and beclin1 +/− cells showed reduced levels of Beclin1 compared with beclin1 +/+ iBMK cells (Fig. 1A) .
Previous work demonstrated that allelic loss of beclin1 in iBMK cells results in a profound defect in autophagy that confers increased susceptibility to metabolic stress in apoptosis-defective cells (Degenhardt et al. 2006) , which was reproduced in all the cell lines in the panel ( Fig. 1C; see below) . This enhanced sensitivity to metabolic stress was also associated with enhanced tumorigenicity, as previously reported (Degenhardt et al. 2006) . To measure autophagy, beclin1 +/+ and beclin1 +/− cells stably expressing Bcl-2 were engineered to express the autophagy marker EGFP-LC3 and were monitored in vivo for cytoplasmic-to-membrane translocation, indicative of autophagy. Autophagy was robustly activated in beclin1 +/+ iBMK cells overexpressing Bcl-2, which was profoundly diminished due to allelic loss of beclin1 (Degenhardt et al. 2006) . Wild-type iBMK cells expressing Bcl-2 demonstrated massive induction of autophagy in the tumor tissue, indicated by punctate cytoplasmic LC3 translocation (Fig. 1B, red arrows) . In stark contrast, tumors from the autophagy-defective beclin1 +/− iBMK cells expressing Bcl-2 displayed predominantly diffuse localization, indicative of an autophagy defect (Fig. 1B) . As tumor allografts suffer from a lack of oxygen and nutrition at early stages of implantation before adequate vascularization is established (Nelson et al. 2004) , this observation suggests that tumor cells exploit the autophagy pathway to survive intermittent metabolic stress in vivo. This is consistent with our earlier observation that defects in apoptosis reveal the autophagy survival pathway, and autophagy localizes to metabolically stressed regions in tumors (Degenhardt et al. 2006) .
In order to confirm that beclin1 +/− iBMK cells have impaired autophagic survival, viability under ischemia was determined as described previously (Degenhardt et al. 2006 ) using a 1% oxygen gas mixture and medium without glucose that simulates metabolic stress conditions in the tumor microenvironment in vitro (Nelson et al. 2004 ). There was no significant difference in sensitivity observed in the apoptosis-competent beclin1 +/+ and beclin1 +/− cells without Bcl-2. In contrast, beclin1
+/− cells expressing Bcl-2 showed substantial sensitivity to ischemia when compared with wild-type cells (Fig. 1C) , suggesting that metabolic stress is a potent trigger for apoptosis, which readily eliminated apoptosis-competent cells before autophagy could be manifested.
Allelic loss of beclin1 impairs recovery from metabolic stress
To further understand how this impaired autophagy response to metabolic stress may impact homeostasis, beclin1 +/+ and beclin1 +/− iBMK cells expressing Bcl-2 were subjected to ischemia for 7 d and allowed to recover, and ultrastructural morphology was monitored by electron microscopy. Wild-type beclin1 +/+ iBMK cells expressing Bcl-2 transitioned from normal to a condensed morphology by the end of 7 d in ischemia (Fig.  1D) and retained a high level of viability under these conditions (Degenhardt et al. 2006) . Most wild-type cells regained their normal morphology by 4 h of recovery, and almost all did so by 8 h. In stark contrast, mutant beclin1 +/− iBMK cells expressing Bcl-2 typically showed enhanced necrotic morphology and cell death with highly vacuolated cytoplasm, and there were fewer signs of reversion to normal morphology even after 8 h of recovery (Fig. 1D ). These observations suggested that autophagy not only promotes survival but also facilitates recovery from metabolic stress, suggesting that autophagy is a specific process of adaptation to intermittent nutrient depletion to enable high-fidelity restoration of normal cellular functions.
Autophagy suppresses the DNA damage in response to metabolic stress
It was unclear how defects in autophagy could diminish survival while enhancing tumorigenesis. One possible explanation is that by impairing survival to metabolic stress, defective autophagy may increase DNA damage, and thereby the mutation rate in the remaining viable cells, facilitating tumor progression. Analogously, mutations in genes critical for DNA repair create sensitivity to DNA damage but enhance tumorigenesis by increasing the mutation rate (Symington 2002) . In order to test this hypothesis, we evaluated wild-type and autophagydeficient iBMK cell lines expressing Bcl-2 for Ser 139 phosphorylation of histone H2AX (␥-H2AX), signifying DNA double-strand breaks (DSBs) and activation of the DNA damage response in response to metabolic stress (ischemia). Both beclin1 +/+ and beclin1 +/− iBMK cells expressing Bcl-2 showed a low basal level of nuclear ␥-H2AX staining ( Fig. 2A,B) . Wild-type beclin1 +/+ iBMK cells expressing Bcl-2 showed a modest induction of ␥-H2AX levels in response to metabolic stress gradually over the course of 3 d ( Fig. 2A,B) . In contrast, autophagydefective beclin1 +/− iBMK cells expressing Bcl-2 showed a remarkable increase in levels of ␥-H2AX staining in response to metabolic stress (Fig. 2B) . Analysis of ␥-H2AX levels by Western blotting provided similar results, showing elevated ␥-H2AX levels in the beclin1 +/− cells expressing Bcl-2 (Fig. 2C) . As a defect in autophagy may also be associated with other forms of stress such as induction of the unfolded protein response (UPR), levels of GRP-78, an early marker for UPR, were also examined. However, no difference in GRP-78 induction in ischemia was evident in wild-type and beclin1 mutant cells at these time points (Fig. 2C) . Thus, the increased levels of ␥-H2AX in the beclin1 mutant cells suggested that defects in autophagy may promote DNA damage induced by metabolic stress.
Allelic loss of beclin1 increases the frequency of centrosome abnormalities
How deficiency in autophagy-mediated survival may promote tumorigenesis was further suggested by the accumulation of large cells with abnormally shaped nuclei under standard tissue culture conditions specifically in the beclin1 +/− iBMK cells expressing Bcl-2. To characterize the morphological differences between beclin1 +/+ and beclin1 +/− iBMK cells expressing Bcl-2, the microtubule network, DNA, and centrosomes were examined. beclin1 +/+ iBMK cells expressing Bcl-2, with an intact autophagy pathway, maintained a normal cell size with a uniform microtubule framework, nuclear shape, and predominantly normal centrosome numbers (one or two centrosomes per cell) (Fig. 3A) . In contrast, autophagydefective beclin1 +/− iBMK cells expressing Bcl-2 showed profound microtubule and centrosome abnormalities, including heterogeneity in cell and nuclear size and shape ( Fig. 3A) and an increase in the percentage of cells with centrosome abnormalities including increased centrosome number (Fig. 3B) . Abnormalities in the microtubule framework can arise due to abnormally large cell size, and, moreover, supernumerary centrosomes and large nuclei are defining traits of excess DNA content as well as genomic instability (Nigg 2002) . These abnormalities in beclin1 +/− iBMK cells suggested that autophagy and maintenance of metabolism might be crucial for limiting DNA damage and maintaining genome integrity.
Allelic loss of beclin1 manifests ploidy abnormalities in an apoptosis-deficient background
To investigate the potential for genomic instability in beclin1 mutant cells, the DNA content of multiple, independent beclin1 +/+ and beclin1 +/− iBMK cell lines along with their Bcl-2-expressing counterparts was determined by flow cytometry. Apoptosis-competent beclin1 +/+ and beclin1 +/− iBMK cell lines were predominantly diploid, with only one cell line out of six from each displaying a mixed population of diploid and aneuploid cells (Fig. 3C) . Therefore, allelic loss of beclin1 did not grossly alter ploidy, presumably due to the negative selection for aneuploidy imposed by a functional apoptotic pathway. Flow cytometry analysis of Bcl-2-expressing beclin1 +/+ and beclin1 +/− iBMK cell lines, however, revealed a significant increase in the frequency of aneuploidy associated with beclin1 deficiency (Fig. 3C ). All eight beclin1
+/− iBMK cell lines expressing Bcl-2 were aneuploid, while only one out of eight Bcl-2-expressing beclin1 +/+ iBMK cell lines showed aneuploidy ( Fig.  3C,D) . Ploidy abnormalities arose independently and in a genotype-specific manner (Fig. 3E) . Overall, these observations suggested that impairment of autophagy promoted abnormalities in centrosome and DNA content that were preserved in an apoptosis-defective background.
Allelic loss of beclin1 and defective autophagy promote numerical and structural chromosome abnormalities
Increases in centrosome numbers and cellular DNA content are often caused by a numerical increase in chromosome numbers. To further investigate the role of allelic loss of beclin1 and impaired autophagy in the accumulation of DNA content abnormalities, we determined the average metaphase chromosome number of beclin1 +/+ and beclin1 +/− iBMK cells with and without Bcl-2. Autophagy-competent beclin1 +/+ iBMK cells showed a nearnormal diploid chromosome number with a group average of 38 (the normal mouse chromosome number is 40) irrespective of Bcl-2 expression (Fig. 4A,B) , and allelic loss of beclin1 had a marginal impact on the average chromosome number when apoptosis was functional (group average, 42) (Fig. 4A,B) . The wild-type beclin1 +/+ iBMK cells expressing Bcl-2 also showed a near-normal diploid chromosome number (group average, 38). In contrast, beclin1 +/− iBMK cells expressing Bcl-2 displayed a profound increase in metaphase chromosomes with a near-triploid average chromosome number (group average, 56) (Fig. 4A,B) , suggesting that autophagy suppresses aneuploidy. Along with numerical chromosomal abnormalities, beclin1 +/− iBMK cells expressing Bcl-2 also displayed significant structural abnormalities, including the presence of double-minute chromosomes (Fig. 4A , red arrows), suggesting the possibility of increased gene amplification (Gebhart 2005) .
As these iBMK cell lines were derived from normal primary epithelial cells, defective autophagy may facilitate gradual accumulation of chromosome aberrations permitted by inactivation of checkpoints (p53 and pRb pathways) and are further manifested by impaired apo- ptosis. In order to determine when these ploidy abnormalities arose, we examined the early passages (Passage 5) of both beclin1 +/+ and beclin1 +/− Bcl-2-expressing iBMK cell lines shown in Figure 3C for their DNA content. Indeed, seven of the eight early passage beclin1
iBMK cell lines expressing Bcl-2 showed a diploid DNA content, and aneuploidy was observed in only one cell line (WB-B1), as was observed before. In contrast, aneuploidy was evident in six of the eight beclin1 +/− iBMK cell lines expressing Bcl-2 as early as passage 5. Interestingly, two of the eight early passage beclin1 +/− iBMK cell lines expressing Bcl-2 (BLNB-A4 and BLNB-C2) that showed aneuploidy at a later passage number (Fig. 3C ) were diploid at passage 5, suggesting that aneuploidy in these two cell lines arose during passage in tissue culture. Continued propagation in vitro, however, resulted in conversion of the diploid beclin1 +/− , but not the beclin1
, iBMK cells expressing Bcl-2 to aneuploid cells (Fig. 4C) . This suggested that normal tissue culture constituted a level of metabolic stress that may be sufficient to manifest as genomic instability in autophagy-deficient cells. Thus, constitutive autophagy functions to suppress chromosomal instability that occurs gradually over time in culture, perhaps due to low levels of constitutive metabolic stress, and that apoptosis plays a role in the elimination of these cells from the population. Indeed, a constitutive level of autophagy in the range of 1%-10% of the cell population is readily apparent in Bcl-2-expressing or bax/bak-deficient iBMK cells, which is reduced by allelic loss of or RNA interference for beclin1 (Degenhardt et al. 2006) .
Allelic loss of beclin1 is associated with gene amplification and chromosome gains and losses
To arrive at the mechanism of enhanced chromosome instability induced by the allelic loss of beclin1, particularly the formation of double-minute chromosomes, we explored the possibility that autophagy suppressed DNA damage and thereby gene amplification. Gene amplification, a major mechanism of oncogene activation and resistance to chemotherapy, results from DNA DSBs +/+ iBMK cell line, W4-B1 (shown in green), was used as a control. (Little and Chartrand 2004) . It is facilitated by the inactivation of the p53 DNA damage checkpoint (Livingstone et al. 1992; White et al. 1994) , increased oxidative stress (in particular by H 2 O 2 ) (Mondello et al. 2002) , and defects in DNA repair (Lin et al. 2001) . Moreover, gene amplification is the known mechanism of resistance to N-phosphonacetyl-l-aspartate (PALA) that prevents de novo pyrimidine biosynthesis through the inhibition of carbamoyl-P synthetase/aspartate transcarbamylase/dihydroorotase (CAD) enzyme complex and selects for CAD gene amplification (Livingstone et al. 1992 ). To assay for the propensity for gene amplification, we tested for the frequency of PALA resistance in beclin1 +/+ and beclin1 +/− iBMK cell lines. Autophagy-defective, beclin1 +/− iBMK cells displayed ∼50-fold to >1000-fold increase in the rate of colony formation in PALA in comparison with the beclin1 +/+ iBMK cells at five times the PALA LD 50 , independent of apoptosis deficiency (Fig. 5A,B) . Inhibition of apoptosis further enhanced the frequency of PALA resistance in beclin1 +/− cell lines, but only by several-fold (Fig. 5B) . It should be noted that beclin1 +/− colonies grew in the pres- Figure 5 . Allelic loss of beclin1 promotes PALA resistance and chromosome gain and losses. Multiple independent clones of beclin1 +/+ and beclin1 +/− iBMK cell lines with and without Bcl-2 were subjected to PALA selection (Livingstone et al. 1992 ) and aCGH (Kallioniemi et al. 1992) . (A) Representative photomicrographs showing PALA-resistant colonies (100 µM). PALA selection was performed using three and five times the LD 50 concentration (60 µM and 100 µM, respectively). ence of PALA (Fig. 5A ), indicating that this was true drug resistance and not merely failure of autophagic cell death. beclin1 +/+ iBMK cells without Bcl-2 expression showed substantially lower frequencies for PALA resistance, which was marginally increased by an apoptotic block by Bcl-2 (Fig. 5B) . Indeed, PALA-resistant clones demonstrated amplification of the CAD gene (Fig. 5C ). These data suggested that defective autophagy promotes drug resistance by gene amplification, which is further enhanced by defective apoptosis.
The increased frequency of gene amplification observed in the beclin1 +/− iBMK cells prompted us to analyze the chromosomes of beclin1 +/+ and beclin1 +/− iBMK cell lines for random gains and losses by microarraybased comparative genome hybridization (aCGH) (Kallioniemi et al. 1992 ). Random chromosomal gains or losses occurred with low frequency in the autophagycompetent beclin1 +/+ iBMK cell lines and were limited to fewer chromosomes in comparison with beclin1 +/− iBMK cell lines, which showed widespread chromosomal gains and losses in nearly all of the chromosomes (Fig. 5D,E) . As aCGH detects only relative copy number variations and not ploidy, the increased chromosomal gains and losses observed in the aCGH data do not address absolute chromosome variations that were apparent in the mitotic spreads and the DNA content analysis (Figs. 3, 4) . Nevertheless, these data suggested that beclin1 heterozygocity enhanced gene dosage variations, which may accompany the gross ploidy abnormalities observed by flow cytometry analysis.
Inhibition of pyrimidine biosynthesis triggers autophagy that suppresses DNA damage
The induction of gene amplification in the beclin1 mutant cells raised the intriguing possibility that PALA and the resulting pyrimidine starvation, which itself may be a form of metabolic stress, promotes autophagy induction. Therefore, we tested the relative induction of autophagy in beclin1 +/+ and beclin1 +/− iBMK cells in response to PALA by cytoplasmic-to-membrane translocation of EGFP-LC3 in stably expressing cells. Constitutive autophagy levels were low in both beclin1 +/+ and beclin1 +/− iBMK cells expressing Bcl-2. Within 48 h of PALA exposure (60 µM), wild-type beclin1 +/+ iBMK cells expressing Bcl-2 showed significant induction of autophagy (50%), and this induction of autophagy was significantly diminished (9%) in the mutant beclin1 +/− iBMK cells expressing Bcl-2 (Fig. 6A,B) . This demonstrated that pharmacologic depletion of pyrimidines triggers autophagy.
PALA depletes pyrimidine nucleotide (dNTP) pools, and in checkpoint-deficient cells this can induce replication stress and DNA damage. Autophagy-deficient cells may be particularly prone to this highly specific form of metabolic stress, which may enhance replication stress and DNA damage. Therefore, we tested the DNA damage response following PALA exposure in both beclin1 +/+ and beclin1 +/− iBMK cells by assessing the accumulation of ␥-H2AX, an early marker for DSBs.
Low levels of basal DNA damage were observed in both beclin1 +/+ and beclin1 +/− iBMK cells expressing Bcl-2 (Figs. 2B,C, 6C,D) . ␥-H2AX staining was dramatically increased following PALA exposure in the mutant beclin1 +/− iBMK cells expressing Bcl-2, while in the wild-type cells this increase was significantly less (Fig.  6C,D) . Indeed, Western blot analysis confirmed accumulation of ␥-H2AX in beclin1 +/− iBMK cells (Fig. 6E) . Furthermore, no induction of GRP-78 indicative of UPR was observed (Fig. 6E) .
Deficiency in atg5 confers susceptibility to metabolic stress
In order to establish if the susceptibility to metabolic stress and genomic instability were due to defective autophagy, and not limited to allelic loss of beclin1, immortalized iBMK cell lines were derived from mice deficient for the essential autophagy gene atg5 (Kuma et al. 2004) . Multiple independent iBMK cell lines were derived from atg5
, and atg5 −/− mice, and Western blot analysis confirmed the absence of ATG5 protein expression in atg5 −/− (Fig. 7A ) and reduced expression in the atg5 +/− (data not shown) compared with atg5
iBMK cell lines (Fig. 7A ). All iBMK cell lines expressed E1A and p53DD as expected (Fig. 7A) . To confirm that loss of ATG5 impaired autophagy under metabolic stress, the wild-type, heterozygous, and deficient ATG5 iBMK cells (6.1, 5.1, and 7.1) transiently expressing LC3-EGFP were subjected to metabolic stress, and the percentage of membrane translocation indicative of autophagy was determined. All cell lines had low levels of EGFP-LC3 translocation under normal growth conditions, whereas metabolic stress induced a dramatic upregulation of autophagy in the atg5 +/+ that was reduced in the atg5 +/− and negligible in the atg5 −/− iBMK cell lines (Fig. 7B , percentage autophagy indicated in the top right corner of the panels). In order to test if defective autophagy due to loss of ATG5 also impaired survival under metabolic stress, these cell lines were monitored by long-term computerized video time-lapse microscopy (CVTL). atg5 +/+ iBMK cell lines were minimally affected at 24 h with morphological signs of apoptosis becoming apparent at 48 h of metabolic stress, as expected (Fig. 7B ). In comparison with the atg5 +/+ , at the same time points, apoptosis was accelerated in atg5 +/− and was markedly pronounced in the atg5 −/− iBMK cell lines (Fig. 7B) . Thus, deficiency in ATG5 compromises both autophagy and survival in metabolic stress, as does allelic loss of beclin1 ( Fig. 1C ; Degenhardt et al. 2006 ), but does so to a greater extent. This suggests that impaired survival to metabolic stress in cancer cells is independent of the means of autophagy inactivation as reported previously (Degenhardt et al. 2006) .
ATG5 deficiency promotes activation of the DNA damage response
To determine if the enhanced susceptibility to metabolic stress conferred by ATG5 deficiency also resulted in an Autophagy limits genomic instability GENES & DEVELOPMENTenhanced DNA damage response, as observed with allelic loss of beclin1, the appearance of ␥-H2AX nuclear staining was monitored under normal and stress conditions. Autophagy-defective, atg5 −/− cells had a slightly higher level of ␥-H2AX staining under normal growth conditions that was substantially increased by metabolic stress compared with wild-type atg5 +/+ cells (Fig. 7C,D) . To test if autophagy dependent on ATG5 further enabled viability and suppressed DNA damage under metabolic stress in cells with a defect in apoptosis, as does Beclin1, atg5 +/+ and atg5 −/− iBMK cell lines were engineered to express Bcl-2 along with vector controls (Fig.  7E) . When subjected to metabolic stress for 10 d followed by recovery for 2 d, Bcl-2-expressing atg5 −/− iBMK cell lines displayed gross abnormalities in nuclear morphology (increased size and irregular shape indicative of chromosome instability) (Fig. 7F,G) , associated with dramatic impairment in clonogenic survival compared with Bcl-2-expressing atg5 +/+ iBMK cells (Fig. 7H) . Although atg5 deficiency reduced survival to metabolic stress even in the presence of an apoptotic block (data not shown), as observed for allelic loss of beclin1 ( Fig. 1C ; Degenhardt et al. 2006) , this survival deficit was greatly accentuated upon replenishment of nutrients and oxygen (Fig. 7H) . Impaired recovery following metabolic stress was also observed in Bcl-2-expressing beclin1 +/− iBMK cells (Fig.  1D ). This suggested that defects in autophagy resulted in increased genome damage in stress conditions that were manifested more prominently when cells were returned to normal growth conditions. To test this, Bcl-2-expressing atg5 +/+ and atg5 −/− iBMK cell lines were monitored for ␥-H2AX-positive nuclei under stress conditions and recovery. Bcl-2-expressing atg5 +/+ iBMK cells showed few ␥-H2AX-positive nuclei, the occurrence of which was modestly increased by stress, as expected (Fig. 7I,J) . In contrast, Bcl-2-expressing atg5 −/− iBMK cells displayed a marked increase in ␥-H2AX-positive nuclei during both stress and recovery (Fig. 7I,J) . Thus, inactivation of autophagy by either allelic loss of beclin1 or deficiency in atg5 amplified the cellular response to DNA damage and increased the susceptibility to metabolic stress. This supports a role for the autophagy pathway in suppressing genome damage and enabling survival of cancer cells under conditions of starvation. Inactivation of cell cycle checkpoints and apoptosis in cancer cells may allow further manifestation of genome damage resulting from defective autophagy, contributing to tumor progression. 
Discussion
The results described here demonstrate that autophagy functions to limit DNA damage and chromosomal instability, which may explain its tumor suppressor activity. Thus, our study provides the first mechanistic link between the regulation of metabolism and genome integrity. We report here that impaired autophagy rendered beclin1 +/− and atg5 −/− iBMK cells susceptible to metabolic stress in vitro. This impaired survival in autophagy-deficient cells, however, was overcome by an increased mutation rate and chromosomal instability resulting in accelerated progression to aneuploidy, the hallmark of cancer, providing an explanation as to why the loss of this survival pathway can function to suppress tumorigenesis. We found that these abnormalities in autophagy-deficient cells were also accompanied by an increased DNA damage response. Interestingly, pyrimidine starvation triggered autophagy, the defect in which was sufficient to promote a DNA damage response and gene amplification in autophagy-deficient cells. Hence, our data suggest that constitutive and stress-induced autophagy function to limit DNA damage and maintain genomic integrity, thereby identifying a novel, but not necessarily the only, role for defective autophagy in promoting oncogenesis.
Defective autophagy, metabolism, and chromosomal instability
We have shown earlier that a defect in apoptosis enables survival to metabolic stress through autophagy, and that concomitant impairment of apoptosis and autophagy pathways results in necrotic cell death in response to metabolic stress, functioning as a non-cell-autonomous mechanism to promote tumorigenesis (Degenhardt et al. 2006) . Our current findings suggest that autophagy also has a more direct role in suppressing tumorigenesis through the maintenance of genome integrity. Metabolic stress is a common occurrence in human solid tumors (Folkman 2003 ) that functions as a potent trigger for apoptosis (Nelson et al. 2004 ). Therefore, autophagy as an alternate means for energy production may be beneficial for tumor cells to mitigate metabolic stress. In normal development, the lack of autophagy in atg5 −/− mice impairs survival in heart tissue during neonatal starvation, leading to early lethality (Kuma et al. 2004 ). Nevertheless, defects in autophagy promote tumorigenesis despite conferring an impediment to survival, as autophagy-defective beclin1 +/− iBMK cells are more tumorigenic than the autophagy-competent beclin1 +/+ iBMK cells (Degenhardt et al. 2006) . Therefore, the enhanced gene amplification and chromosomal instability observed in the mutant beclin1 +/− cells expressing Bcl-2 may enable cells to overcome the survival deficit by promoting tumorigenesis through an increased mutation rate. This observation is analogous to the increased tumorigenicity of cells with defects in DNA repair that also creates sensitivity to DNA-damaging agents and ionizing radiation while facilitating the accumulation of oncogenic mutations (Symington 2002) .
Metabolic stress, gene amplification, and tumorigenesis
Tumorigenesis results from the accumulation of mutations that, our evidence suggests, is facilitated by deficient metabolism due to defective autophagy. Autophagy deficiency in atg5 −/− neonates results in lethal levels of energy depletion and low amino acid concentrations in plasma and tissues that impair normal heart function (Kuma et al. 2004) . Insufficient generation of ATP for vital cellular processes such as DNA replication or repair in autophagy-deficient cells may lead to stalled replication forks and breakage-fusion-bridge cycles leading to gene amplification and tumorigenesis (Hellman et al. 2002; Narayanan et al. 2006; Jin and White 2007) . Moreover, the basal housekeeping function of autophagy is required for protein quality control and homeostasis, as neuronal cells impaired for autophagy accumulate polyubiquitinated proteins (Hara et al. 2006; Komatsu et al. 2006) . In keeping with this finding, we observed that autophagy-defective beclin1 +/− and atg5 −/− cells with Bcl-2 also showed poor recovery from ischemic stress, with accumulation of vacuolated cytoplasm and other cellular aggregates. Damage to critical cellular proteins that control mitosis or centrosome function in autophagy-deficient cells can be a cause of chromosomal instability. In addition, excessive generation of reactive oxygen species due to inefficient removal of damaged mitochondria is another possible mechanism by which defective autophagy can promote DNA damage and tumorigenesis (Jin 2006) . Whether any or all of these mechanisms are responsible for genome alterations in autophagy-defective cells remains to be determined.
Gene amplification, a consequence of permissive levels of DSBs, is the major mechanism of oncogene activation in solid tumors, as exemplified by myc, egfr, and erbB2 (Shen et al. 1986; Hennessy et al. 2005; Albertson 2006 ). Gene amplification also leads to acentric, extrachromosomal fragments called double minutes, a common chromosomal aberration found in human solid tumors (Albertson et al. 2003) . Furthermore, most human tumors display aneuploidy in the form of a near triploid DNA content (Barlogie et al. 1982 ), but the mechanism by which this is achieved is not clearly understood. By suppressing DNA damage under stress, autophagy may suppress progression to aneuploidy as a tumor suppressor mechanism.
In summary, our data suggest that reduced autophagy promotes DNA damage, gene amplification, chromosome instability, and aneuploidy, all of which are clinically associated with tumor progression and poor prognosis. Similar findings with allelic loss of beclin1 in immortalized breast epithelial cells (V. Karantza-Wadsworth, pers. comm.) and immortalized, autophagy-defective atg5 −/− mouse embryo fibroblasts (MEFs) (S. Jin, pers. comm.) suggest that these observations are independent of tissue type. Analogous to the mammalian central nervous system where targeted deletion of either atg5 or atg7 revealed the protective role of constitutive autophagy through prevention of the accumulation of polyubiquitinated proteins and neurodegeneration (Hara et al. 2006; Komatsu et al. 2006) , in tumor cells, preventing the genome damage through autophagy may be an essential cell-autonomous mechanism for tumor suppression.
Autophagy defects, genomic instability, and novel therapeutic strategies
Identification of a novel role of autophagy in limiting chromosomal instability offers new insight into our understanding of how autophagy modulates genomic integrity and impacts tumorigenesis. Moreover, the finding that autophagy functions to limit chromosomal instability may have implications in rational chemotherapy and chemoprevention. As tumor cells frequently acquire defects in autophagy, pharmacological activation of autophagy may serve to limit genome damage and tumorigenesis. Alternatively, in established aggressive cancers with defects in apoptosis, inhibiting the autophagy survival pathway can be therapeutically exploited to promote other modes of cell death such as metabolic catastrophe, redirecting the cells to an acute necrotic cell death (Jin and White 2007) .
Materials and methods
Generation of stable cell lines
Primary epithelial cells were isolated from beclin1 +/+ and beclin1 +/− mice (generously provided by Dr. Zhenyu Yue, Mount Sinai School of Medicine, New York, NY) and were immortalized by the inactivation of the retinoblastoma (Rb) and p53 pathways (Degenhardt et al. 2002 (Degenhardt et al. , 2006 , and four independent clones of each were transfected with the vector (W4-A1, W4-B1, W4-C1, W4-E1, and BLN-A3, BLN-B2, BLN-C3, BLN-D1) or were engineered to express Bcl-2 (WB-A2, WB-B1, WB-D1, WB-D3, and BLNB-A4, BLNB-B1, BLNB-C2, BLNB-D1), expanding the original pool of cell lines (Degenhardt et al. 2006 ) from 12 to 28. Primary epithelial cells were isolated from atg5 +/+ , atg5 +/− , and atg5 −/− newborn mice (kindly provided by Dr. Noboru Mizushima, Tokyo Metropolitan Institute of Medical Sciences, Tokyo, Japan) and immortalized as previously described (Degenhardt et al. 2002) to generate atg5 +/+ (6.1), atg5 +/− (5.1), and atg5 −/− (7.1) iBMK cell lines. Wild-type atg5 (6.1) and atg5 −/− (7.1) iBMK cells were then transfected with vector (6.1V2, 6.1V3) or were engineered to express Bcl-2 (6.1B4, 6.1B5).
Western blotting, immunofluorescence, and electron microscopy
Western blotting, immunofluorescence, and EM were performed as previously described (Nelson et al. 2004; Degenhardt et al. 2006) . Western blotting and immunofluoresce were performed using the following antibodies: anti-Beclin1, anti-Bcl-2 (Santa Cruz Biotechnology); anti-p53 (Ab-1), anti-E1A, and antiactin (Oncogene); anti-␣-tubulin (Calbiochem); DNA (DAPI, Sigma); anti-␥-tubulin (Axel); anti-␥H2AX (S139) (Upstate Biotechnology); anti-ATG5 (Mizushima et al. 2001) .
DAPI staining and quantitation of nuclear size
DAPI staining of the nuclei was performed as described previously (Nelson et al. 2004 ). Relative nuclear sizes were calculated using Image-Pro Plus software. Briefly, representative photomicrographs (600×) were taken and nuclear boundaries were determined using histogram-based segmentation, and areas were calculated and relative nuclear sizes were expressed in µ 2 .
Measurement of the frequency of PALA-resistant clones
The LD 50 of PALA in beclin1 +/+ and beclin1 +/− iBMK cells (10 5 / 10-cm dish) was determined by treating the cells with varying concentrations of PALA (0-100 µM) (Drug Synthesis and Chemistry Branch, National Cancer Institute) for 3 d and determining the cell viability by trypan blue exclusion. The frequency of PALA resistance was determined to be the number of PALAresistant clones formed per 3 × 10 5 cells following treatment with 3× LD 50 and 5× LD 50 concentrations of PALA (60 µM and 100 µM, respectively) for 10-14 d. PALA-containing medium was replaced every 3-4 d. Colonies were fixed in methanol, stained with Geimsa, and photographed.
PCR for CAD gene amplification
Genomic DNA was isolated from multiple independent PALAresistant (100 µM) colonies of beclin1 +/− iBMK cells expressing Bcl-2. A 756-base-pair (bp) fragment flanking two exons that correspond to the Mus musculus CAD gene (accession no. NM_023525) from mouse chromosome 5 (accession no. AC_109608) was amplified from genomic DNA by PCR using the following set of primers: 4-fwd (5Ј-GGAGCTGGAGACTC CGACG-3Ј) and 4-rev (5Ј-CTAATGAACAGGAAGATCCGG TATC-3Ј).
The PCR reaction was performed for the indicated number of cycles (Fig. 6C ) to compare relative amplification in the linear range.
aCGH aCGH was performed as described previously (Kallioniemi et al. 1994) . Briefly, genomic DNA from beclin1 +/+ and beclin1 +/− iBMK cells and the normal mouse tissue was isolated, fluorescent-labeled, and hybridized to a BAC array (Snijders et al. 2001) in triplicate. For each cell line, the data were plotted in genome order as the mean log 2 ratio of the triplicate spots. An average log 2 ratio of more than ±0.5 was considered as a loss or gain.
